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Abstract 

We investigate indirect phenomenological bounds on anomalous three-gauge-boson cou- 
phngs. We do so by systematically determining their one-loop implications for precision 
electroweak experiments. We find that these loop-induced effects cannot be parametrized 
purely in terms of the parameters S, T and U . Like some other authors, we find many 
cancellations among the loop-induced effects, and we show how to cast the low-energy 
effective theory into a form which makes these cancellations manifest at the outset. In a 
simultaneous fit of all CP conserving anomalous three-gauge-boson couplings, our analysis 
finds only weak phenomenological constraints. 
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1. Introduction 



The experimental couplings of the elcctroweak gauge bosons to light fermions have now 
been quite well explored, particularly using low-energy lepton scattering experiments and 
precision measurements at the Z resonance. However, accurate experimental information 
is not available for the self-interactions among the gauge bosons. This situation is likely 
to be partially alleviated once the centre-of-mass energies at the LEP e^e~ collider arc 
raised above the threshold for pair production (LEP200). Given a sufficiently large 
sample of pairs, direct information becomes available concerning the nature of the 
WW'j and WWZ couplings. It is expected that a deviation (of 10% or more) of the three 
gauge-boson vertices (TGV's) from their standard model (SM) values can be detected in 
this way [1], [2], [3]. 

The key question is whether there arc any kinds of new, nonstandard physics that can 
give rise to this large a deviation from SM predictions for the TGV's, and yet which might 
not have been detected elsewhere in other low-energy experiments. As might have been 
expected, a great deal of effort has been expended on researching this subject, leading to 
a dauntingly large literature on the subject [4]. 

Two approaches to answering this question may be taken, depending on one's theo- 
retical prejudices. 

• Theoretically-Motivated Bounds: The first approach is to use (sometimes fairly benign) 
assumptions about the nature of the new physics in order to obtain an estimate of how large 
the anomalous TGV's might be. The strength of this type of conclusion is then inversely 
related to the restrictiveness of the assumptions that are required in order to derive it. The 
thrust of this line of thinking is usually to (reasonably convincingly) argue that induced 
anomalous TGV's are unlikely to be larger than 0(1%) of their SM counterparts. If true, 
this would make their detection at LEP improbable. 

There are two broad classes of new physics for which this conclusion is probably true. 
Firstly, if the new physics is perturbatively coupled to the electroweak gauge bosons, then 
its contributions to TGV's are of order (g/Air)'^ ~ 10~^, where g is an electroweak coupling 
constant. Since the transverse gauge bosons couple with a universal strength, this estimate 
includes a great many models. Any couplings between the new physics and the longitudinal 
gauge bosons need not be so small, however, and so a strongly-coupled symmetry-breaking 
sector might be considered. 

In this second line of reasoning leads to a similar conclusion concerning the 

detectablity of anomalous TGV's [5]. To the extent that the low-energy physics is 
dominated purely by the couplings of the longitudinal modes, it may be parametrized 
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using familiar techniques of chiral perturbation theory [6]. It is therefore quite plausible 
that the size of these effective interactions depends on the weak scale and the unknown 
scale, M, of the new physics in the same way as do the corresponding couplings in the low- 
energy chiral limit of QCD. This dependence may be succinctly summarized by the rules of 
'Naive Dimensional Analysis' [7], which indicate that the relative size of anomalous and SM 
TGV's should be 0(M^/M^). Again, for M as large as a few TeV, as might be expected 
for a strongly-interacting Higgs sector for example, we are led to expect anomalous TGV's 
of 0(1%). In either case, these are too small to be observed. 

A complementary line of argument is based on naturalness [8]. One way of phrasing 
this argument states that anomalous TGV's should be of the same size as other new-physics 
contributions to the purely gauge sector (e.g. 'oblique' corrections) [9], [10], [11], since 
there are no symmetries that could naturally enforce a relative size difference. Since these 
oblique corrections are bounded by precision electroweak measurements to be < 0(1%), 
so the argument goes, anomalous TGV's can also be expected to be, at most, this large. 

• Purely Phenomenological Bounds: The second, more conservative tack that may be taken 
in determining the potential size of anomalous TGV's is to put theoretical prejudices aside 
and ask for purely phenomenological bounds. In this case we ask whether anomalous 
couplings that are large enough to be detected can be already excluded based on other 
low-energy measurements. The potential bounds of this sort arise either due to the direct 
probing of nonstandard gauge-boson couplings in hadron colliders [3], [12], [13], [14], or 
from their indirect influence on precisely measured quantities, through loops. Although 
there is agreement that existing hadron machines cannot rule out detectable nonstandard 
TGV's at LEP200 [13], the extraction of bounds from loops has been more controversial 
[15]. 

Here again the most recent analyses may be classified according to the assumptions 
that are made. Some have entailed a weakly-coupled framework within which the standard- 
model gauge group is linearly realized at low energies by including an explicit light physical 
Higgs particle [8], [16], [17]. In all of these studies it is found that detectably large anoma- 
lous TGV's cannot be ruled out purely by phenomenology. Other workers [18], [19] have 
instead not assumed the existence of a light Higgs, in an effort to extract bounds that are 
less constrained by assumptions concerning how the gauge symmetry is realized. Again 
the detectable TGV's are not ruled out on purely phenomenological grounds. 

It is natural to ask why purely phenomenological bounds should be pursued at all, 
given that reasonably persuasive theoretical arguments indicate that detectable anomalous 
TGV's are unlikely. Our own point of view is that neither a purely theoretical estimate, 
nor a purely phenomenological analysis is sufficient in itself. We can only hope to learn 
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anything if both types of investigations are performed, since it is only through the com- 
parison of both, and their subsequent confrontation with the direct measurements at LEP, 
that we learn something about the nature of any new physics. 

The present paper is intended as a contribution to the purely phenomenological line of 
thought. We wish here to determine the constraints on CP-preserving anomalous TGV's, 
with an absolute minimum of assumptions about the nature of the new physics from which 
they are generated. As with the previous analyses of refs. [8], [17], [18] and [19], we assume 
that the scale, M, that is associated with the new physics is high enough in comparison 
with the weak scale, M^y, to justify an effective-lagrangian treatment that is controlled 
by powers of 1/M. Integrating out the physics at scale M generates a host of effective 
interactions, including anomalous TGV's among others: 

Here Csm is the SM lagrangian, Ctgv represents the anomalous TGV interactions and 
Crest denotes all of the other effective operators. Only some of the effective interactions in 
'Crest contribute at tree level to well- measured low-energy observables, and so only these 
are presently well-constrained by the data. All other operators — including TGV's in 
particular — do not contribute in this way and so are only bounded to the extent that they 
generate the better-constrained operators as the effective theory is run down from ii = M 
to the much lower scales where the low-energy measurements are ultimately performed. 
Our purpose here is to compute which operators are generated by TGV's in this way, and 
so to indirectly bound their coefficients. 

Before describing our conclusions, it is useful to orient our calculation in relation to 
the others that have recently been performed. Our calculation differs from those of refs. [8] , 
[16] and [17] in that we assume that the dominant degrees of freedom that govern the loop 
contribution of TGV's to low-energy observables are only the presently known particles 
(including the top quark). In particular, we do not assume a light Higgs boson and do 
not linearly realize the electroweak gauge group. As was emphasized in ref. [15], one can 
choose to realize this gauge symmetry nonlinearly, or to ignore it completely (apart from 
its t/em(l)-invariant subgroup), and in both cases one is led to precisely the same low- 
energy effective lagrangian [20] . The price to be paid is that the new-physics scale cannot 
be arbitrarily large: My^/M > g/Air, or else perturbative unitarity is lost. 

Our analysis also differs in important ways from those of refs. [18] and [19]. Perhaps the 
most basic difference lies in the number of effective operators that are considered. We use 
the most general effective interactions of ref. [1] that are consistent with CP conservation. 
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Our calculations therefore include the five effective couplings, Ak^, Ak^, A^i^, A^, and 
(see the following section for detailed definitions). Our results may be compared to 
those of ref. [19] by taking A^riz = 0, and to those of ref. [18] by choosing A^ = A^ = 0. It 
should be pointed out that the neglect of \z and A^ in ref. [18] is what would be expected if 
the new physics were to produce an effective theory that satisfies the power-counting rules 
[7] that have been found from experience with chiral perturbation theory in QCD. We do 
not make this assumption here, however, since it is not a generic feature of all underlying 
theories at scale M} 

A further difference with other workers arises because the authors of refs. [8] and [18] 
also make explicit uses of quadratic divergences in arriving at their bounds. In the present 
language, their calculation corresponds to an estimate of the size of direct contributions 
of new physics to £rest at scale \x = M, rather than of the induced effects at low energies 
due to the TGV's defined at this scale [15]. This distinction is less important in the 
linearly-realized case, where the low-energy divergences are less severe. 

A calculation of the purely low-energy loop effects of TGV's has recently been made 
without the assumption of a light Higgs in ref. [19]. These authors use the formalism of 
oblique corrections, as parametrized by Peskin and Takeuchi's S, T and U [9], to obtain 
their low-energy bounds on TGV's. One of the points of the present paper, however, is 
that such an analysis, based on S, T and U is not sufficiently general for inferring the 
complete low-energy effects of anomalous TGV's. As we have emphasized elsewhere [21], 
the Peskin- Takeuchi formalism applies only to the extent that new-physics contributions 
to self-energies for gauge bosons can be approximated as expansions in g^/M^, truncated 
at the linear term. The calculations of ref. [19], as well as our own, indicate that this is not 
what is obtained through loops from anomalous TGV's. Instead we obtain self-energies of 
the form 

5U{q')=u;Ml + aq'+^ + ^ (2) 

with u), a, P and 7 all of the same order of magnitude. The Peskin- Takeuchi parametriza- 
tion is therefore insufficient, and must be replaced by the more general formalism, recently 
derived in ref. [21], which involves three additional parameters, denoted V, W and X. Our 
analysis here also differs from that of ref. [19] in that we compute not only the oblique 
corrections resulting from loop integration, but also corrections to fermion-gauge-boson 
vertices. These vertex corrections can contribute significantly to low-energy observables. 

Our procedure consists of computing how the anomalous TGV's appear in the six 
observable parameters S-X that, in practice, completely parametrize all precision low- 

^ For example, Xz and Ak^ are the same size in a linearly-realized effective theory. 
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energy electroweak measurements. We can then perform a fit, including all charged- and 
neutral-current data at low energy and at the Z peak. The strength of the conclusions we 
can draw from such a fit depends crucially on our assumptions regarding which terms we 
include in our effective lagrangian. If we follow the fairly common practice of fitting for 
one anomalous TGV at a time, setting the others to zero, we find that that some of the 
anomalous couplings can be constrained to be too small to detect at LEP200. However, 
this is rather unrealistic - real models of underlying physics do not generate just one 
anomalous TGV at a time. A simultaneous fit for the general case in which expressions 
involving all five anomalous TGV's are fitted to data finds that the constraints are weak, 
in fact no stronger than those from direct measurements by UA2 [12]. 

It should be noted that even this is not the least restrictive assumption one can 
make. Besides the contributions to the parameters S through X that are generated by 
low-energy loops involving the anomalous TGV's defined at the scale of new physics, 
= M, there are also typically direct contributions to S-X that are generated from >Crest- 
Obviously, if cancellations are allowed among these two types of new- physics contributions, 
any constraints on anomalous TGV's are lost. In this sense, current precision electroweak 
data can never rule out the possibility of anomalous TGV's large enough to be detected at 
LEP200. Nevertheless, it is a useful exercise to fit for one anomalous TGV at a time, since 
it does indicate the degree to which the discovery of anomalous TGV's at LEP200 would 
require cancellations among the new-physics effects for some low-energy observables. 

The paper is organized in the following way: In Section 2, we define what we mean 
by an anomalous TGV lagrangian sector. We imagine that the entire effective lagrangian, 
defined just below the threshold for new physics, ^ = M, consists of the standard model 
lagrangian plus a supplementary TGV sector. In Section 3, we begin to estimate the 
indirect effects of this anomalous TGV sector on electroweak observables, by integrating 
out the physics between /j, = M, and the electroweak scale, /j, ~ 100 GeV. We do so by 
using the renormalization group (RG) - in the MS renormalization scheme - to run our 
effective lagrangian between these two scales. We follow in particular how the effective 
TGV interactions at = M induce other effective interactions at the weak scale, that 
are detectable in precision electroweak measurements. We call the resulting weak-scale 
theory the 'grown' lagrangian, and present expressions for the coefficients of the 'grown' 
operators in terms of the anomalous TGV's. Superficially, this 'grown' lagrangian appears 
to be complicated, consisting of some 25 differents types of terms. 

In Section 4, however, we show that this awkwardness is illusory, since the freedom 
to redefine fields can be used to greatly reduce the number of terms and to conceptually 
simplify the calculation of observables. Concretely, this amounts to the use of the SM 
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equations of motion to re-express the effective interactions [22]. Exploiting the leeway- 
offered by this technique, we can cast the 'grown' lagrangian into either of two particularly 
simple forms. On the one hand, we may cast all of the induced interactions as oblique 
vacuum-polarization corrections, with the proviso that these necessarily involve higher- 
derivative interactions. These make a direct application of the Peskin-Takeuchi STU 
formalism invalid, requiring instead the more general analysis in terms of the parameters 
S through X of ref. [21]. An alternative reformulation, which we use in the present paper, 
casts the 'grown' lagrangian into a form to which the STU formalism can be applied directly 
and which also includes a small number of (higher-derivative) fermion-fermion-gauge-boson 
interactions that do not contribute to low-energy observables. Both forms are equivalent, 
and the freedom to transform freely from one to another demonstrates how many terms in 
the original grown lagrangian ultimately cancel in physical observables. For completeness 
of presentation, we also give here a very brief summary of the STU parametrization of 
new physics, upon which we then build to extend the existing formalism as required by the 
present analysis. We derive formulae for electroweak observables in terms of the familiar 
S,T,U and the new parameters V,W,X. 

In Section 5 we then present expressions for these six parameters in terms of the 
anomalous TGV couplings. We explain how these expressions can be used to place phe- 
nomenological bounds on the TGV couplings and we conclude that such bounds are weak. 
In Section 6 we present the results of fits to these expressions. We first consider the limit 
in which each TGV is separately turned on at // = M, with all other effective interactions 
being zero. We find that, with this somewhat unphysical assumption, the data place strong 
phcnomeno logical bounds on the TGV couplings that are of order of several percent. How- 
ever, when we fit for the five anomalous TGV's simultaneously, we find that the bounds 
become considerably weaker, of 0{1). 

Finally, in Section 7 we discuss the results, commenting in particular on some rather 
startling cancellations in our final expressions. These cancellations decrease the sensitivity 
of some observables to certain anomalous TGV's. 



2. The Anomalous TGV's 



Let us start by considering the effective lagrangian, as defined at the scale of new 
physics, fj, = M, after the lightest of the heavy new particles has been integrated out. In 
general many effective interactions appear in this lagrangian, but we wish to focus in this 
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paper only on a few of these^ 



where LsMie-i) is the standard model (SM) lagrangian, in which the as- yet-undetected 
particles - in particular, the Higgs boson - have been integrated out. We place tildes 
on the three electroweak parameters (e^ = {e, Su,(= sin^vi^),?^^}) that appear in this 
lagrangian as a reminder that their values have been shifted from their 'standard' values, 
which we denote without tildes: e^Sw,^z- These 'standard' values are the ones that are 
obtained by fitting radiatively corrected SM expressions for observables to precise data. 

I^TGv contains the anomalous CP-conserving TGV's which are the focus of this study. 
Following refs. [1] and [23] we write: 



V=Z,J ^ 



(4) 



Here = e and gz = ecw/su, denote the SM couplings. Electromagnetic gauge invariance 
requires that A^i-^ = 0. A gauge field having two lorentz indices, such as Wap, denotes the 
abelian curl of the corresponding gauge potential, defined using the appropriate electromag- 
netic gauge-covariant derivative: Wap = DaWjs — DjjWcc. Here DaWp = daWp + ieAaWf^. 
Following the convention established in the literature, we scale the term to M^, despite 
the fact that it is a dimension-six operator and should more correctly have a factor in 
the denominator. Due to the appearance of the C/em(l)-covariant derivatives, Ctgv also 
contains four- and five-point gauge-boson vertices: 

where L-^b is simply Ltgv with the replacement 9^, and £4^ is given by 

Ub = egz Agiz [w^WpiZ^'A'^ + A'^) - 2W^*Ty"A^Z^] + (A^ terms). (6) 

The 'Av terms' here consist of those four-point interactions that are generated from the 
Xv terms in Ctgv We do not list them explicitly because, for present purposes, all graphs 



^ Note that the terms we ignore include direct new-physics contributions to S, T and U [9], as well 
as to gauge-boson-fermion-fermion and other vertices. 
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which use these rules turn out to vanish. As for L^bi such terms contribute only in two- loop 
diagrams and are ignored here. 



3. Loop Integration and the Low-Energy Lagrangian 



We next calculate the loop effects of the anomalous TGV's of the previous section. 
We do so by running the effective interactions of the lagrangian defined at the new-physics 
scale, ~ M, down to the weak scale, ~ M^, where we can extract their consequences 
for precision experiments. We compute here the coefficients of the effective interactions at 
the weak scale that are generated through this renormalization group (RG) mixing with 
the operators in Ctgv 



3.1) Vacuum Polarization and Vertex Corrections 



The required diagrams fall into two categories: contributions to the gauge-boson vac- 
uum polarization — i.e. 'oblique' — corrections, as shown in Fig. (1), and fermion-gauge- 
boson vertex corrections, as shown in Fig. (2). We define the running of our operators 
using the MS renormalization scheme. Here we simply quote the results, presenting only 
the coefficient of [2/(4 — n) — 7^ + ln(47r|U^)], where n is the dimension of spacetime. 

Evaluating the graphs of Fig. (1), we find the following TGV- induced contributions 
to the gauge-boson vacuum polarization tensors. With the definition 

5n^,^(g) = r7'^^(5n«6(g2) + g/^g- terms, (7) 
where a,b=W,Z and 7 , the coefficient of [2/ (4 — n) — 7^ + ln(47r//^)] in 5Ilab{q^) is: 

4 6 

q q 



SU^jiq ) = a^q + + 77;^, 



Z ^'^ z 



q^ q^ 



g4 ^6 



(8) 



M2 "^M^' 

4 6 



where az,P^ etc. are given as functions of the couplings Agiz, Aky and Xy in Table 
I. Anticipating that these anomalous couplings are small, we drop all terms past linear 
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Coefficient One-Loop Result x (Q;/47rs^) log(//'^///^) 



/S^ilj.^) 4(-|A«^ + 2A^)/c^ 

«z7(a*^) c^ySwfSAre^ + 3A«;^ - 6Az - 6A-y + ^^Qiz] 

Pz^ilJ^ ) (s„/c„)[-i(AK2 + Ak^) + A2 + - fA^iz] 

7z7(/"^) -(s^/12c3)[A^«^ + Ak^] 

3[s2 Aac^ + (1 + ^ - 1/(24))A«^ + (1 + ^ - i4)A(7i^] 

a^{li^) Ak^ + 1(7 + 54 )Ak^ - 64A^ - 6(1 + cl)\^ + ^(1 + fcl + f 4)A^i^ 

/?M.(/^') + + 2(4A^ + clXz) - \{2cl + 74)A5ri^] 

t^z(/u^) 94Ai/i2 

az(/u^) c^[6Ak^ - 12A^ + 8A^i^] 

/?z(/^') [-|AA«^ + 2A^-|A5ri^] 

7z(/^') -(1/64)A«, 



TABLE I 

One-loop results for the coefficients in the gauge-boson vacuum polarization in terms of the various TGV 
couplings, where the TGV couplings are defined at scale (j! . 

order in the expressions in the table. The vacuum polarization diagrams have also been 
calculated by the authors of ref. [19], and our results are in agreement with theirs for 
diagrams involving Ak^ and Av They did not calculate the diagrams with /S.giz- 

As for the vertex graphs of Fig. (2), we obtain the following expressions for the [2/(4 — 
— 7b + ln(47r//^)] coefficient in the fermion-fermion-gauge-boson vertex corrections: 

5K.{<f) = + Pfj ^ + ^) Vj, 7., (9) 

where we have normalized the vertex corrections such that standard model tree-level ver- 
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tices are corrected in the following manner: 



-leY 



e 



Qf+—SAem{q^) 



(10) 



— ^- 



where /, /' denote fermion type, T3 f is the weak isospin, and Q f the electric charge. In 
the charged-current expression, Vff> represents the usual Cabibbo-Kobayashi-Maskawa 
(CKM) matrix in generation space when the external fermions are quarks, and is given by 
Sfff when they are leptons. 

We give expressions for the p^'^^ coefficients as linear combinations of the anomalous 
TGV couplings in Table II. Notice that since we have calculated in the approximation that 
all fermions are massless, we have 'grown' only left-handed corrections to the standard 
model fermion- fermion- gauge-boson couplings. 



Coefficient One-Loop Result x (Q!/47rs^) log(^'^//x^) 



pSV) (1/2c„)[Ak^ - 2A^ +|A5ri^] 

pitV) (1/124) A^z 

pSV) - 1)A^. + sIAk^ + (cl - ct)Ag,,] 

picV') i[i(4A«. + sIAk^) - 4(4 A, + 4A-y) + (4 + i4)A^i.] 

pi^(/i') {s^/2cI)[Ak^-2X^] 



TABLE II 

One-loop results for the coefficients in the gauge-boson-fermion vertex corrections in terms of the various 
TGV couplings. 

The above expressions are universal corrections because of our neglect of all fermion 
masses. However, the one situation for which this assumption is inadequate is the coupling 
of the down-type quarks to the photon and to the Z boson, since these involve virtual top 
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quarks, whose mass is not small. ^ Only the Zbb vertex is of practical importance, though, 
because the only process in which these interactions are probed is in the decay of the Z 
into bb pairs. For this observable the vertex correction has the form: 



log 



12 



3Agiz + 



Ml 



1l, 

(11) 



where 5A^^^^-{q'^) is the result given in eq. (9) and Table II. 



3.2) The Weak-Scale Effective Lagrangian 



These expressions may be interpreted as contributions to the effective lagrangian at 
lower energy scales. In the MS scheme the resulting expressions for the induced couplings 
at scale /i may be obtained from the table by simply multiplying the results of Tables I and 
II by y = ln((//7A*)^)) where the TGV couplings A etc. are taken to be defined at 

scale fj,'. 

We may therefore write out those terms that are 'grown' in the low-energy lagrangian 
at scale /i, due to the appearance of jCj-gv at the higher scale /i' = M: 



-^grown — -^vac. pol. ~l~ -^ver. corr. ~l~ -^nonuniv. (1^) 



with vCnonuniv. Containing the non-universal mt-dependent contributions of eq. (11), while 



vac.pol. - ^ ^fj,^ ~4M2 4M^ 



1 2 "^"^z 

+ 4 ^'^"^ 4M| ^^""^ ^ 4M4 ^^"^ ^ 



'■w 



(13) 
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This necessity to keep track of the top-quark mass is one of the differences between our calculation 
and that of ref. [17], who find that the fermion masses do not affect the MS RG evolution at the one-loop 
level in the linearly-realized effective theory. 
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and 



'ver. corr. 



+ 



+ 



(14) 



Here j'*, A'"'^ and J'* are respectively the total SM electromagnetic, neutral and charged 
currents: 



/ 

e 



V2s 



SqnCi 



ff 



(15) 
(16) 
(17) 



so that CsM = j^A^ + mz^ + {jf'w; + h.c.) + ... 

To the extent that the loop effects of anomalous TGV's are universal in their coupling 
to fermion generations, we see that it is possible to express the 'grown' fermion-gauge 
couplings in terms of linear combinations of total SM currents. This is important, since 
it in turn allows - through the use of equations of motion - a significant simplification 
of the effective lagrangian. The exception to this universal form is in the mt-dependent 
interactions of >Cnonuniv.) in which the Z boson and the photon do not couple with the 
same strength to all generations of down quarks. This particular case must be treated 
separately, but does not affect the arguments of the subsequent sections. 

4. Simplifying the Effective Theory 



At this point one might be daunted by the fact that there are no fewer than 29 types 
of terms in this 'grown' lagrangian, since this potentially makes any further analysis very 
cumbersome. This complicated form for >Cgrown is illusory, however, since not all of the 
effective interactions displayed in Eqs. (13) and (14) are independent of one another. The 
point here is that, due to the freedom to perform field redefinitions, there are a great many 
ways of writing any particular term in an effective lagrangian. In particular, any two 
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operators which can be transformed into one another using the SM equations of motion 
may also be transformed into one another by a field redefinition [22] . 

We may therefore use the SM equations of motion to simplify £grown) with two goals in 
mind. We wish to firstly reduce the number of types of terms that we must consider. Next, 
in choosing which of the remaining terms to keep as a basis of independent interactions, we 
wish to take advantage, as much as possible, of existing formalism and bounds on various 
types of new physics that have been obtained by previous workers. We therefore try, in 
particular, to cast the grown lagrangian into a form that is amenable to an application 
of the STU formalism of Peskin and Takeuchi [9] . As we shall see, this is not completely 
possible, due to the appearance in >Cgrown of higher-derivative interactions, and so a naive 
application of this formalism turns out to be incorrect. Instead, along the lines of [21], 
wc use an extension of this formalism that permits the treatment of more general 
dependence. 

4.1) STU Formalism 

Before casting the 'grown' lagrangian in a form amenable to an application of the 
STU formalism, let us rapidly review the STU basics, following a method that we have 
developed in ref. [24]. 

Imagine supplementing the standard model by an 'S'TtZ-sector', i.e. by the lowest- 
dimension effective two-point interactions for gauge bosons: 

With CsT, = ~ F^^F^'' - I W^^^W^"' - J Z^^Z^" + 1 F^^Z^' 

+ wml W;W^+^ml Z^Z^. (18) 

where are defined as in Eq. (3). This parametrization implies that self-energies generated 
by new physics are of the form 

(5n«(g2)=a;„ + a^52^ (19) 

which is consistent with the idea that <C (where M is the scale of new physics) and 
that 5na(g^) can be expanded as a Taylor series in g^/M^, truncated at the linear term. 

It is a simple matter to canonically normalize and diagonalize the gauge-boson ki- 
netic terms. Working to linear order in the small coefficients ^, S, . . ., the required field 
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redefinitions are 



A^^[l-^] A^+GZ^, (20) 



(21) 



B 

^M-(1-^)V (22) 



The field transformations affect the electromagnetic, charged and neutral current couplings 
and the mass terms, which now become: 



1 - I) E ^f^Qf^^f (23) 
(1 - f ) E ^//' */7^7.*/' W; + h.c, (24) 



5w\/2 



>Cnc = f 1 - E ^/'y'' [^3/7. - Qfsl + Qfs^cv. G] ^f, Z^, (25) 

= (1 + w; - S) W^; + 1 (1 + ^ _ C) ^^^m. (26) 



Our next step is to eliminate in favour of the 'standard' parameters e^. To this end, we 
express our model's predictions for the three precisely measured observables a, Gp and 
Mz and equate these expressions to the standard model formulae: 



4:7ra = 4:7rasM{e,Sw,mz){l - A) = 4:7rasM{e, Sw,mz), 
Gp. = Gp. sM{e,Syj,mz){l -w) = Gp sM{e,Sw,mz), (27) 
Mz = Ml ^^(e, mz){l + z - C) = ^^(e, s^, ruz). 



Inverting these equations, we obtain 



m| = m|(l — z + C), 



(28) 



1 - 



-{-A - z + C + w) 



15 



With the substitution of Eqs. (28) into the various lagrangian terms given in Eqs. (23), 
(24) and (25), one obtains interaction terms consisting of the usual standard model piece 
corrected by a linear combination of the parameters A through z. It turns out, though, that 
these parameters can only appear in three linearly independent combinations, a convenient 
choice being 



.2 



aS = 4:S^c^{A - C) - 4:SwC^o{c 
aT = w — z, 

aU = 4:sl{slA -B + c^C - 2s«,c„G'), 



(29) 



so that all the corrections can be expressed in terms of 5", T and U. After this algorithm 
has been performed, the interaction and W boson mass terms become: 



c = 

■'-'nc — 



V2s 



1 



aS 



+ ■ 



cl aT 



4(<^U) ^w) 2(c^ S^) 



p _ 2 2 



1 + V E 



T3/7.-Q/ 4 + 



aS 



+ ■ 



c?„ aT all 



2(c^ slo) G 



„2 Aq2 



aS 



2 2 



s2 

w w 



*/^m(31) 
(32) 



From Eqs. (30), (31) and (32), it is a simple matter to compute the STU dependence 
in expressions for various electroweak observables. Such expressions can then be compared 
to experimental data in order to place constraints on S', T and U . These constraints can 
be translated into bounds on the parameters of the new physics in terms of which 5, T 
and U are computed. 

However, this formalism cannot be directly applied in the present TGV analysis: as 
mentioned earlier, it is based on the assumption that can be expressed as a Taylor 

series in /M"^ truncated at the linear term, whereas in the present anomalous TGV 
application (with non-linearly realized gauge-symmetry) the new physics self-energies are 
of the form 



5n^(Q2)=a;M^ + ag2^|^ + 



IT 



M2 ' M4 "^^^^ 

with a;, a, (3 and 7 all of the same order. Clearly the STU formalism as it stands cannot 
be applied directly, a point which is easy to miss if the definitions given in ref. [10] are 
used: 



aS = 



Ml 



44 (n,,(M2)-n,,(o)) 
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aT 



(0) Iizz{Q) 



n 



Mt 



Ml 



(34) 



aU = 4st 



Ml 



■Ml 



(n^^(M^)-n^^(o)) 



(4n^^(M2) + cl (n,,(M2) - n,,(o)) + 2c^s^u,^{mI)) 



The point is that although these definitions make sense for arbitrary vacuum polariza- 
tions, it turns out that it is impossible to express all well-measured observables using just 
these three parameters, unless the self-energy expansions are truncated at linear order in 
q^. A method for dealing with the case of general dependence in the vacuum polariza- 
tion is given in ref. [21], where it is shown that, in practice, the contributions to current 
precision electroweak measurements may be encapsulated into only six variables, called 
(STUVWX). 

We now turn to the task of casting our effective lagrangian in the form most amenable 
to an application of the methods presented above. 



4.2) Using Equations of Motion to Simplify the Effective Lagrangian 



As was mentioned earlier, the analysis presented in Section 3 seems somewhat clut- 
tered, since Cgrown entails 29 types of terms, including oblique corrections (dimension-six 
and -eight terms) as well as vertex corrections. Moreover, the presence of higher-derivative 
operators appears to hinder the direct application of the formalism presented in the previ- 
ous subsection. So, to overcome these difficulties, we exploit the freedom to simplify these 
interactions using the Euler-Lagrange equations of motion derived from jCsMi^i), 



d^{d>'A--d''Ai') = -f, 

d^id^Z'' ^d'^Z^) ^- N'' -mlZ^, (35) 



Moreover, one can also make liberal use of the freedom to integrate by parts to relate 
otherwise disparate operators. 

It is useful to note that a certain leeway exists in transforming operators with the 
above-mentioned methods. For example, a general re-expression of the operator Z^j_J^Z^^^ 
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would be 



Z^J:\Z^'^ ^ - ripMlZ^^Z^'^ - 277(1 - p)MtZ^Z^' - 277(2 -p- i)MlZ^m 
+ 277^iV^nZ^ - 277(1 - ON^N^" + (1 - 77)Z^,nZ^", 



(36) 



where 77 , p and ^ may take completely arbitrary values. We choose these parameters 
to streamline the present analysis. In particular, it is noteworthy that some of these 
parameters may be chosen to ensure the absence of four-fermion operators, which would 
otherwise complicate the calculation of observables. 

Even after removing the four-fermi interactions in this way, there still remains a great 
deal of latitude in the form into which the effective theory may be cast. For example, even 
though our present lagrangian involves both vertex and self-energy corrections, we may 
use the equations of motion to transform all new-physics effects purely into self-energy 
corrections. In this case the techniques of ref. [21] may be used directly to bound the new 
physics. In the remainder of this paper we choose an alternative procedure. We instead 
recast our grown lagrangian into a form consisting of an '5'Tt/ '-sector (as in Eq. (18)), 
as well as a small set of higher-derivative vertex corrections (which, of course, do not 
contribute to low-energy observables) . The parametrization of observables in terms of the 
six variables STUVW X nevertheless emerges at the end, as it must. 

To obtain this final result requires specific choices for the operator transformations 
such as Eq. (36). We display the particular versions that we use in Table III. It is to 
be noted that an operator in the right column of this table is meant to be equivalent to 
the operator on the left to within (i) total divergences, {ii) terms which vanish with the 
SM equations of motion, and {in) terms which do not contribute to the well-measured 
physical processes we later consider. There are two varieties of terms of this last type. 
Firstly, some interactions have Feynman rules which are proportional to q^q^ and therefore 
do not contribute in the limit of massless fermions. Secondly, we omit terms such as 
fermion-fermion- photon-photon interactions, which cannot play a role at tree-level in the 
electroweak observables under consideration. 

4.3) Final Form of the 'Grown' Effective Lagrangian 

With the help of the transformations in Table III, Cgrown can be recast as 



grown 



STU 



ver.corr. 



nonuniv. 



(37) 
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Original Operator 



Transformed Version of Operator 



Z^jfF^" 

z^j^z^^- 



M^w^^w^''' + (j^nV*/^ + h.c.) - MiiJ^nw*'' + h.c.) 
Mlw;^w^^ + {j^nw*^ + h.c.) 



-MlZ^,. 



2MlNfJ3Zf' 



j^UZ^ + {\I2)MIZ^,F^- 



TABLE III 

Operator Transformations Used to Simplify the Grown Lagrangian. 

where >Cnonuniv. contains the m^-dependent effects, unchanged from eq. (12), and 

+ -A^.Z'^^ + MlwW;W^' + -fzZ^Z^ (38) 



while 



111 

= MN nz^ A FN VfZ'^ 

-^ver.corr. j\^2 V'-'^ ^ ^4 m'-' ^ 

z z 

)^Hij^nw; + h.c.) + ^Kj^n'w; 



w w 
1 1 a 



- TT^Dj.DA'^ + -jEN.n^A'^ (39) 



with A,B, etc. defined in Table IV. 

The final version to which we have converted the grown lagrangian contains two cat- 
egories of terms: mass and kinetic energy corrections for the gauge bosons (i.e. an STU 
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Parameter from Eqs. (38) and (39) 



Definition 



A 
B 
C 
G 

w 
z 

M 
N 
P 

Q 

H 
K 
D 

E 



-a 



w 



, _ (2) 

2pW 



2pW 



w 



00, 



,(2) 
nc 



_i_7z _ Cyj f a I (2) _ (4) 

2 2 Su, I r-'27 ' '^wPem '^wPem 

7z I ^ „(4) 
2 i^wPnc 



) 



Tz. 
2 



/3 



(2) 
Pec 



•w I 7w 
2 2 
Jw , „(4) 
— -I- Pec 

•^wPem ~ 2 
(4) , 7-y 



TABLE IV 

Definitions of Parameters A,B,C, etc. Appearing in Final Form of 'Grown' Effective Lagrangian. 

sector) and a fimited number of dimension-six and dimension-eight vertex corrections. We 
have chosen this particular form for our grown lagrangian since the STU formalism can 
now be applied directly to the STU sector in the calculation of expressions for observables. 
As for the vertex corrections in jC'g^^^^, they do not contribute to low-energy observables, 
and it is an easy matter to incorporate them in observables at other scales, especially since 
they have been consolidated into a reduced number of terms. In particular, as can be seen 
in Table III, we have decided to trade terms of type N'^\^Af^ for terms of type i^\ZS^ Z^; 
we find that this clarifies the calculation of neutral-current observables at the Z-pole by 
allowing us to consider only Z-exchange diagrams. 

Importantly, this procedure hinges upon the fact that the grown currents can be 
expressed as linear combinations of total standard model currents, a property of all of the 
TGV^-induced interactions except the mt-dependent terms of >Cnonuniv.- 
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5. Expressions for Observables 



In this section, we show how the six parameters {S, T, U, V, W and X of ref. [21]) 
emerge in the present context. We do so by directly expressing the electroweak observables 
in terms of the coefficients in our effective lagrangian. 

Since the calculation of the input observables a, Gp and M| involves none of the 
higher-derivative vertex corrections, Eqs. (27) and (28) remain valid. Thus, using these 
results, we may immediately write the final total form of the various interaction sectors in 
terms of the canonically normalized fields. This entails simply adding the dimension-six 
and -eight vertex corrections to the pieces displayed in Eqs. (30) and (31): 



r — 



, (40) 



a 



2 



4(Cto ^w) 2(c^ s^) wi^y, 



■T + —^U - H , 
8^2, Ml 



1 - 



aS 



+ 



c?„ aT all 



W*^' + h.c., (41) 
(42) 
(43) 



It is now a simple matter to use these interactions to derive expressions for various elec- 
troweak observables: 

• Asymmetries: From Eq. (40) , we deduce the Feynman rule 




Forward-backward asymmetries and left-right asymmetries depend only on the 'effective' 
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i^w) eff{Q^)i which can be read off from Eq. (44): 



In particular, 



(4)e//(M|) =sl + 



a 



2 2 



■T + aX, 



(46) 



where we define the new parameter X according to 



aX = sl{N + Q-M-P). 



(47) 



For the specific case of asymmetries in the decay Z — > 66, the effects of the nonuniversal 
m^-dependent interactions must also be computed. Since these are not universal, they 
cannot be parameterized solely in terms of the variables S through X. Their contribution 
to Z ^ 66 asymmetries can be included by replacing X by X, where 



X^X + ^\Vtb\^ 



3Agiz + ;A-Ak 



log 



/2 



(48) 



Z-Decay Widths: From Eq. (44) we obtain the partial width for Z —>■ ff: 



247r clsl 



2 2 

l + aT + aV)[{Tsf-Qfisl),ffiM',)) + (Q/(4)e//(M,^)) ] , (49) 



where we define the new parameter V to be 



aV = 2{M + P). 



(50) 



Again, the specific decay Z ^ bb gets an additional contribution due to the mt-dependence 
of the TGF- induced lagrangian. It may be incorporated by replacing X by X, as defined 
in eq. (48) , in addition to making the replacement of V by 



V = V- 



\Vtb 



,2 / ™t 



1 ■ 



1 



(51) 
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• W-Decay Width: From Eq. (41) one obtains the Feynman rule 



2 2 4 

T + —^U + H-^ + K- 



2(4-4) 84 Ml MiJ- 

(52) 

Thus the partial width for W ^ Ivi is given by 
where we define the new parameter 

aW = 2(H + K). (54) 
• W Mass: The expression for W mass can be read off directly from Eq. (32): 



Ml = {Ml) 



SM 



aS ct, aT all 



(55) 



• Low-Energy Observables: Let us now turn to the low-energy experiments such as deep- 
inelastic scattering and atomic parity-violation. They are insensitive to the and 
pieces in the Eq. (40) which originate from the dimension-six and -eight vertex corrections 
in CJgro^n- Therefore, these observables involve only 5', T and ?7, and the appropriate 
formulae can be taken directly from the usual STXJ treatment (see Appendix B in [11]). 

A comprehensive list of expressions for the electroweak observables that we include 
in our analysis is given in Table V. These expressions consist of a radiatively corrected 
standard model prediction plus a linear combination of the six parameters 5, T, U ^ V, W 
and X. Tz and F^g are the total width of the Z and its partial width into bb, respectively; 
ApBif) is the forward-backward asymmetry for e+e" — > //; Apoi{T), or P^, is the polar- 
ization asymmetry defined by Apoi{T) = {(Tr — cTi^)/ {(Tr+ctl)-, where (Tl^u'is the cross section 
for a correspondingly polarized r lepton; ^e(-fr) is the joint forward-backward/left-right 
asymmetry as normalized in ref. [25]; and Al^ is the polarization asymmetry which has 
been measured by the SLD collaboration at SLC [26] . The low energy observables g\ and 
g\ are measured in deep inelastic vN scattering, gy and g\ are measured in ve — > ve 
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Expressions for Observables 



= (r^)^^ - 0.00961>5 + 0.0263T + 0.0166^ - 0.0170X + 0.00295V - 0.00369X (GeV) 
^bb = (^bb)s^ ~ 0-001715 + 0.00416T + 0.002951/ - 0.00369X (GeV) 
Aj^sil^) = iA^Bil^))sM - 0.006775 + 0.00479T - 0.0146X 
Apoilr) = {Apoi{T))sM - 0.02845 + 0.0201T - 0.0613X 
Aj{Pr) = iAe{Pr))sM - 0.02845 + 0.0201T - 0.0613X 
Aps{b) = {ApB{b))sM - 0.01885 + 0.00984T - 0.0406X 
ApbIc) = {Apb{c))sm - 0.01475 + 0.0104T - 0.03175X 
A^n = (AiH)sM - 0.02845 + 0.0201T - 0.0613X 
Ml = {MI)sm{1 - 0.007235 + O.OlllT + 0.00849(7) 

= {r^)sM{l - 0.007235 - 0.00333T + 0.00849C/ + 0.00781W^) 
gl = {gl)sM - 0.002695 + 0.00663T 
gl = IgDsM + 0.0009375 - 0.000192T 
g^{i^e ve) = {gt.)sM + 0.007235 - 0.00541T 
^l(z/e ^ ue) = {gl)sM - 0.00395T 
Q^Qf Cs) = Qw{Cs)sM - 0.7955 - 0.0116T 



TABLE V 

Summary of the dependence of electroweak observables on 5, T", [/, V, W and X . In preparing this table 
we used the numerical values Oi{Ml) — 1/128 and — 0.23. 

scattering, and Qw{Cs) is the weak charge measured in atomic parity violation in cesium. 
The expressions for the low energy observables are derived in refs. [11] and [24]. 

There are several features in Table V worth pointing out. First, only the two param- 
eters 5 and T contribute to the observables for which ~ 0. The parameter U appears 
only in M^^, and Given the present uncertainty in V^, the limit on U comes from 
the measurement. The parameter W is weakly bounded, as it contributes only to T^^ 
which is at present poorly measured. In addition to 5 and T, observables on the reso- 
nance are also sensitive to V and X, which are expressly defined at = M|. Observables 
that are not explicitly given in Table V can be obtained using the given expressions. In 
particular the parameter R is defined as = Thad/^ui and = 127rTeer had/ M^T^ is the 
hadronic cross section at the Z-pole. 
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6. Constraints on the Anomalous TGV Couplings 

We are now in a position to determine the phenomenological constraints on the anoma- 
lous TGV's. To do so, we must first consider how the well-measured couplings in the 
weak-scale efi^ective lagrangian depend on the TGV parameters defined at the high scale, 
^' = M. 

In the previous section, we have derived (Table V) expressions for observables in terms 
of S through X. To obtain formulae for 5, T, t/, F, W and X in terms of the anomalous 
TGV's one substitutes the expressions in Tables I and II into those of Table IV, and then 
uses the definitions (29), (47), (50) and (54). The result of this substitution is displayed 
in Table VI, where we have taken jj,' = M = 1 TeV and ji = 100 GeV. 



Parameter One-Loop Result 



S 2.63A^i2 - 2.98A^t^ + 2.38Ak^ + 5.97A^ - A.bQX^ 

T -1.82A£?i2 +0.550AK-y + 5.83Akz 

U 2A2Agiz - 0.908Ak^ - 1.91Ak2 + 2.04A^ - 2.04Az 

V O.ISSAk^ 

W 0.202A£?i2 

X -0.0213Ak^ - 0.0611Ak^ 

V 0.183Ak^ - (3.68A£?i2 + 0.797Ak^) (m?/M^) 

X -0.0213AK. - 0.0611Ak^ + (0.423A,(7i^ + 0.0916Ak:^) (m^/M^.) 



TABLE VI 

One-loop results for the induced parameters S, T, U, V, W and X, defined at = 100 GeV, in terms 
of the various TGV couplings defined at M = 1 TeV. We have used Q;(M|) = 1/128 and = 0.23. 

To obtain constraints on the anomalous TGV's, we perform a global fit. The required 
expressions are obtained by substituting the results of Table VI into those of Table V. The 
TGV-dependence of the nonuniversal, mt-dependent terms is given by eqs. (48) and (51). 

The experimental values and standard model predictions of the observables used in our 
fit are given in Table VII. The standard model values have been calculated with rrit = 150 
GeV and Mh = 300 GeV. The LEP observables in Table VII were chosen as they are 
closest to what is actually measured and are relatively weakly correlated. In our analysis 
we include the combined LEP values for the correlations [27] . 
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Oiia.ntitv 


T'jxneri mental Va,lne 


Sta.nda.rd A/Todel Prediction 


1V± ^ \\J\^ V J 


01 1 07 _|_ r) nr)7 [OQl 


iTTmi'i' 

111 L/ LI Kj 


(GeV) 


2 488 ± 007 f28l 


2 490[±0 0061 

^ • ^il/ W — 1— w • w w w 


-"^ — had/ 11 


20 830 ± 056 f28l 


20 78 [±0 071 

Zj Vy • 1 U — 1_ W • W 1 


(nb) 


41.45 ±0.17 [28] 


41.42[±0.06] 


r,^ (MeV) 


383 ± 6 [28] 


375.9[±1.3] 




0165 ± 0021 [281 


0.0141 


■'^pol \ ' J 


142 ± 017 [281 


0.137 


Ae{Pr) 


0.130 ±0.025 [28] 


0.137 


ApBih) 


0.0984 ± 0.0086 [28] 


0.096 




090 ± 019 [281 

W . W t/ W — 1 — W . W -L t/ ^ W 


0.068 


At 


100 ± 044 26 

W • J- W W —1— w • w^^ ^ w 


0.137 


Mw (GeV) 


79 91 ± 39 [291 


80.18 


Mw IM7 


8798 ± 0028 [301 

W • \^ 1 ty \^ — 1 — V_y ■ W V_y \^ \j 


0.8793 


Vw (GeV) 


2.12 ±0.11 [31] 


2.082 


d 


0.3003 ± 0.0039 [25] 


0.3021 


9l 


0.0323 ± 0.0033 [25] 


0.0302 


9\ 


-0.508 ± 0.015 [25] 


-0.506 




-0.035 ± 0.017 [25] 


-0.037 


Qw(Cs) 


-71.04 ± 1.58 ± [0.88] [32] 


-73.20 



TABLE VII 

Experimental Values for Electroweak Observables Included in Global Fit. The measurements are 
the preliminary 1992 LEP results taken from ref. [28]. The couplings extracted from neutrino scattering 
data are the current world averages taken from ref. [25]. The standard model values are for rrit = 
150 GeV and = 300 GeV. We have not shown theoretical errors in the standard model values 

due to uncertainties in the radiative corrections, Ar, and due to errors in M^, as they are in general 
overwhelmed by the experimental errors. The exception is the error due to uncertainty in CKg, shown in 
square brackets. We include this error in quadrature in our fits. The error in square brackets for Qw {C s) 
reflects the theoretical uncertainty in the atomic wavefunctions [33] and is also included in quadrature with 
the experimental error. 



As mentioned in the introduction, the same new physics responsible for the anomalous 
TGV's will typically also contribute directly to the various observables used in the fit. In 
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our analysis we assume no cancellations between these 'direct' contributions and those due 
to the TGV's. Although this may seem like a very strong assumption, we will see that in 
any case the constraints obtained are rather weak. 

We first consider the case in which only one of the TGV couplings, AK;^^, Xy and 
Agiz, is nonzero at the scale M. In this case strong bounds on this parameter may be 
obtained, since there is no possibility of cancellations. Constraining one parameter at a 
time we obtain the following values with la errors: 

Agiz = -0.033 ±0.031 
Ak^ = 0.056 ±0.056 
= -0.0019 ± 0.044 
= -0.036 ± 0.034 
Az - 0.049 ± 0.045 (56) 

If taken at face value, these limits would imply that anomalous TGV's are too small to be 
seen at LEP200. 

Of course, although the bounds obtained in this way are the tightest bounds that are 
possible, they are somewhat artificial. After all, real underlying physics would produce 
more than just a single TGV. If we fit for all five anomalous TGV's simultaneously, the 
constraints virtually disappear, due to the possibility of cancellations. Several authors have 
fitted S'TtZ-corrected expressions for observables to electroweak data, and have concluded 
that the upper limit on these parameters is 0(0.1-1). It is clear that if one were to do 
fit a using the 5'Tt/yi^X-corrected expressions displayed in Table V, then the limits on 
the six parameters would be looser still. We find that at best, we can only conclude that 
the anomalous TGV couplings are less than 0{1). TGV's of this size would, of course, be 
observable at LEP200. 

The bounds given in eq. (56) are nevertheless interesting. These values can be inter- 
preted as an indication of the sensitivity of the global fit of electroweak data to specific 
anomalous couplings. Once all of the couplings are allowed to vary simultaneously, no 
significant bound remains. This indicates that, in that part of the allowed region for which 
the TGV couplings are large, cancellations occur among the contribution of the various 
anomalous couplings to low-energy observables. Eq. (56) allows one to gain a feel for the 
size of cancellations that would be required to account for the low-energy data, should an 
anomalous TGV at the 10% level ever be discovered at LEP200. 

Our results in this regard agree with those of ref. [17], who similarly obtain no sig- 
nificant bound for these couplings, subject to the somewhat stronger assumption that the 
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effective theory be a linear realization of the electroweak gauge group. As is discussed 
in this reference, such a linear realization implies relationships among the various TGV 
parameters, and so would be expected to lead to tighter constraints than those obtained 
here. We here confirm this result within a more general phenomenological analysis, without 
theoretical biases. 

7. Conclusions 

We have computed the bounds that may be obtained for CP-preserving anomalous 
TGV's from current low-energy phenomenology. These bounds arise due to the influence of 
these interactions, through loops, on well-measured electroweak observables. We compute 
this influence using an effective-lagrangian description, in which TGV interactions are 
imagined to have been generated just below the scale for new physics, /j. = M, after 
all of the hitherto undiscovered heavy particles have been integrated out. Running this 
lagrangian, using the MS renormalization scheme, down to the weak scale, // ~ 100 GeV, 
then generates a collection of secondary effective interactions. Unlike the TGV's, these 
new interactions contribute directly to low-energy observables, and so their couplings may 
be bounded by comparison to the data. We obtain limits on TGV's by requiring that 
the contributions to these couplings due to their RG mixing with the TGV's satisfy these 
experimental constraints. In so doing we are tacitly assuming that no cancellations arise 
between the induced values for these couplings, and their initial conditions at the new- 
physics scale, 11 = M. 

An interesting feature of this calculation is that the weak-scale effective theory contains 
many higher-derivative interactions which contribute to both the gauge-boson propagation, 
as well as to the fermion-boson vertex corrections. We show how field redefinitions may be 
used to cast this collection of terms into a simplified form, rendering certain cancellations 
among the anomalous TGV's explicit at the outset. One approach involves putting all 
of the effects of new physics into the gauge-boson self-energies. Another approach (the 
one followed in the present article) involves recasting the effects of new physics into an 
STU-sectOT plus a small set of higher-dimension fermion-boson vertex terms. In either case, 
since the resulting 'oblique' corrections necessarily involve higher powers of the momentum- 
transfer, q^, they may not be parametrized purely in terms of the familiar variables S, T 
and U. The three additional parameters, V, W and X, of ref. [21] are also required. 

The necessity for these additional parameters may come as something of a surprise, 
since we have assumed that the new physics scale, M, is large in comparison to the weak 
scale, Mz. This would naively seem to justify the neglect of the higher-derivative oblique 
corrections, since these should be suppressed in their implications for low-energy observ- 
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ables by factors of M^/M'^. The problem with this reasoning is that loop-induced effects 
to S through U are at most of order {g/Air)'^, and this is the same size as M'^/M'^. As a 
result, TGV loop- induced corrections to the STU parameters are typically the same size 
as higher-derivative oblique corrections, and so these must be properly treated, as we have 
done. 

We have found that the limits obtained in this way cannot in themselves rule out 
TGV's that are large enough to be detectable once LEP runs at the threshold for 
pair production. Couplings of this size would have been ruled out if we had considered 
each TGV one at a time, with all of the others constrained to be zero. In this case the 
data would constrain the various TGV couplings to be 10% or less. This shows how (fairly 
mild) cancellations among the various TGV's would be required in low-energy observables 
should these TGV's be directly detected at LEP200. Since the underlying theory of new 
physics is unlikely to produce only one TGV at a time, this also shows how misleading can 
be the practice of working with TGV's one by one. A simultaneous fit of all of the TGV's 
to the data does not yield useful bounds. 

An interesting feature of the expressions in Table VI is the occurence of some spec- 
tacular cancellations among anomalous TGV's. Although S, T and U contain all of the 
combinations of the anomalous TGV's, such is not the case for F, W and X. In partic- 
ular, the Xv couplings do not contribute to these parameters at all, V depends only on 
Agiz, and X depends only on Akv This implies that each of the TGV couplings tends 
to contribute only to particular kinds of observables at = M| and M^. 

Acknowledgments 

S.G. and D.L. gratefully acknowledge helpful conversations and communications with 
Paul Langacker. S.G. thanks Dean Karlen for useful exchanges. We also thank R. Sinha 
for interesting communications. This research was partially funded by funds from the 
N.S.E.R.C. of Canada, les Fonds F.C.A.R. du Quebec, and by the Deutsche Forschungs- 
gemeinshaft. 



29 



Figure Captions 



• Figure (1): The Feynman graphs through which the anomalous three- and four-point 
gauge-boson vertices contribute to the gauge boson vacuum polarization. The blobs rep- 
resent anomalous couplings, and all other interactions are standard. 

• Figure (2): The Feynman graph through which the anomalous TGV's contribute to the 
gauge boson-fermion vertex corrections. The blob represents the anomalous TGV, and all 
other interactions are standard. 
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